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(54) Electrical energy storage system with at least two energy sources having different power 
characteristics 



(57) Electrical energy storage systems comprising 
at least two different energy sources having different, 
complementary power characteristics, e.g. a battery 
and a capacitor, especially a so called supercapacitor or 



a fuel cell and a lead battery etc.. The system includes 
a static converter for use at constant output voltage and 
associated control circuits. 
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Description 
Technical field 

[0001] This invention relates to electrical energy 
storage systems comprising at least two different 
energy sources, e.g. a battery and a capacitor, espe- 
cially a so called supercapacitor or a fuel cell and a lead 
battery etc. The system includes a static converter for 
use at constant output voltage and associated control 
circuits. 

Background art 

[0002] There are many applications in which the 
electrical energy supply can not be handled by one sin- 
gle energy source without considerable drawbacks. The 
energy sink, e.g. an electrical motor, could have very 
different demands for power during an operation cycle 
depending on the application. This could mean that the 
single energy source is not working under optimum con- 
ditions all the time. Thus, it would be of interest to look 
for solutions to this problem including combinations of 
energy sources with different and complementary 
power characteristics. 

Brief description of the invention 

[0003] The inventive idea thus covers energy stor- 
age systems with at least two different energy sources 
with complementary characteristics. The energy 
sources could thus be different types of capacitors, bat- 
teries, fuel cells etc. or combinations of sources from 
these categories. 

[0004] To illustrate the operation of a system 
according to the invention without limiting the scope of 
protection embodiments will be described in the follow- 
ing including a battery and a so called supercapacitor. 
[0005] Supercapacitors represent one of the most 
interesting new developments in the field of energy stor- 
age. A series connection of such capacitors could be 
used together with a conventional static converter to 
create an energy source. 

[0006] According to the idea of the invention such a 
capacitor could now be combined with a classical elec- 
trochemical battery for providing the possibility of a high 
instantaneous output power from the combined system. 
Such a system shows advantages of the two individual 
energy sources. Larger amount of energy with limited 
instantaneous output power are the classical properties 
of accumulators in view of long cycle life. In the com- 
bined system the battery with its limitations is assisted 
by the supercapacitor for meeting high instantaneous 
power demand. 

[0007] It is once again emphasised that combina- 
tions of other sources could be envisaged as well, for 
the same or another object. 

[0008] The embodiment uses a combined storage 



device, with associated static converters to give a power 
supply operating with in this case constant output volt- 
age, (figure 1 ) 

[0009] One embodiment of the invention uses a 

5 parallel configuration of the static converter with individ- 
ual channels operating in the so called continuous 
mode for decreasing the ripple of the current through 
the energy sources, (figures 2 and 3) 
[0010] Another embodiment of the invention uses 

10 the same configuration of the static converter with the 
channels operating in the so called discontinuous or 
intermittent mode. This gives a current through the 
supercapacitor and the battery with even lower ripple, 
even with the use of small coupling inductors. Low ripple 

is is of interest as the ripple is associated with losses in 
the energy sources, (figures 2 and 4) 
[001 1 ] An additional object of the present invention 
is to provide an energy source having low weight and 
low commutation losses. 

20 [001 2] One advantage of a system according to the 
invention is the high efficiency, in the special configura- 
tion with parallel channels. 

[0013] These and further objects are achieved by 
means of an energy storage system having the charac- 
25 teristics according to the appended claims. 

Brief description of the figures 

[0014] Other objects, uses and advantages of this 
30 invention will be apparent from the reading of this 
description which proceeds with reference to the 
accompanying drawings forming part thereof and 
wherein: 

35 Figure 1 shows in a schematic form two mirrored 
DC-DC converters for constant voltage supply from 
a battery and a supercapacitor 

Figure 2 shows a configuration with parallel chan- 
40 nets for decreasing the current ripple 

Figure 3 shows certain current waveforms in the 
converter according to figure 2 operating in the con- 
tinuous mode 

45 

Figure 4 shows certain current waveforms in the 
converter according to figure 2 operating in the dis- 
continuous mode 

so Figure 5a shows the equivalent circuit of one chan- 
nel of the DC-DC conversion 

Figure 5b shows a structural diagram of the non lin- 
ear model 

55 

Figure 6 shows a block diagram of a controller 
Figure 7 shows the step response for the output 
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voltage control with cascade current control 

Figure 8 shows a block diagram of a controller for 
current sharing and voltage control 

Figure 9 shows current and voltage waveforms in a 
system according to one embodiment of the inven- 
tion 

Detailed description of the invention 

[0015] Figure 1 shows in a schematic form two mir- 
rored DC-DC converters for constant voltage supply 
from a battery and a supercapacitor connected in paral- 
lel seen from the output. One converter is associated 
with the battery and the other with the capacitor. The 
type of static converter, viewed as separate unit, is 
known as such which means that no detailed descrip- 
tion has to be included here. The battery could include 
one or more separate cells and the supercapacitor 
could include several separate capacitors connected in 
series. 

[0016] For a supercapacitor, the amount of stored 
energy is related to the square of its voltage magnitude. 
The output voltage of the electrochemical battery, also 
varies with the status of the charge. 
[0017] In the setup or boost operation a common 
output capacitor C is fed from the supercapacitor and 
the battery through the respective DC-DC converter. 
The load is connected across the output capacitor. 
Energy is thus transferred from the left to the right in the 
figure. In the so-called step-down mode the superca- 
pacitor and the battery could be recharged by transfer- 
ring energy through the reversible converters in the 
opposite direction. 

[0018] Energy can also be transferred between the 
two sources if convenient. 

[0019] The characteristics of the converters could 
be controlled by means of the control signals turning the 
transistors T 1 - T 4 on and off. This switching is associ- 
ated with commutation losses mainly in the transistors 
T-| - T 4 which losses are thus depending on the switch- 
ing frequency. 

[0020] The ripple of the current through the battery 
and the supercapacitor is also associated with losses. A 
way to keep this ripple low is to increase the induct- 
ances and L 2 . In view of the weight it is however of 
interest to keep these inductances small. 
[0021] Figure 2 shows a configuration of the mir- 
rored converters with parallel channels for decreasing 
the ripple in the current through the battery and the 
supercapacitor. 

[0022] Each parallel channel e.g. T 1( T 2 , D 1f D 2 , is 
in the discharge mode fed through its associated induc- 
tor e.g. L 1 from the corresponding energy source. By 
phase shifting the control pulses to the transistors the 
continuous sawtooth formed currents through the induc- 
tors will add to the total current through the energy 



source as shown in figure 3. 

[0023] This configuration brings a significant reduc- 
tion of the ripple in the current through the energy 
sources compared to a configuration with only one 

5 channel. It would of course be possible to use more 
than two parallel channels in each converter. 
[0024] Figure 3 shows the current waveforms in the 
converter according to figure 2 with two parallel chan- 
nels operating in the continuous mode. The curves a 

10 and b represent the currents through the inductors Li 
and L 2 in the upper converter associated with the super- 
capacitor. The curve c represents the total current 
through the supercapacitor. Analogue relations would 
result from an analysis of the lower converter associ- 

15 ated to the battery. It should be noted that all the cur- 
rents are continuos. 

[0025] This continuous mode is however character- 
ised by high commutation losses. If this mode of opera- 
tion of the converters is chosen then there could be a 
20 need for adapted heat sinks for the transistors. Rela- 
tively high values for the inductances would also be nec- 
essary which together would add to the weight and 
volume of the system. 

[0026] In figure 4 are shown the corresponding cur- 

25 rents in a system having eight parallel channels. Each 
channel is in this case operating with intermittent or dis- 
continuous current but the resulting current through the 
supercapacitor and battery will still be continuous and 
with very low ripple compared to a system with only two 

30 channels. The discontinuous current through one induc- 
tor has been marked in the figure. As said before, in 
order to keep the internal losses low in the battery and 
the supercapacitor it is essential to decrease the ripple 
as much as possible. 

35 [0027] In a system for a discontinuous current 
mode in the individual channels very small inductors 
could be used. The current turn-on conditions for the 
transistors are ideal because there is no simultaneous 
current in the associated diode. This means that this 

40 operation mode will give very low commutation losses. 
[0028] For the intermittent operation mode of the 
mirrored reversible DC-DC converter, a special logic is 
needed, with activation of upper and lower devices with 
a set-value current criteria and time delay. This means 

45 that both energy sources could be connected to the load 
at the same time or alternatively. Such a logic will be 
described in the following. 

[0029] Based on the circuit illustrated in figure 5a, 
the equations for the system components can be 
so defined in order to get a global non linear model, for the 
synthesis of the control system, and for the analysis of 
the system stability. 
[0030] For the input circuit: 

55 
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[0031] For the reversible converter: 



and 



[0032] 



For the common capacitor: 



[0033] The control via a PWM modulator can be 
represented by a small time constant: 



D(s) = 



[0034] In figure 5b a structural diagram is given for 
the DC-DC interface or converter of the supercapacitor. 
In that case, the variation of the supercapacitor voltage 
is considered as a perturbation. 

[0035] The corresponding control circuit is shown in 
figure 6. It comprises cascaded current and voltage 
controls. For the parameter settings of the conventional 
PI controllers 2, the considerations are made for the 
maximum gain in linear situations according usual sta- 
bility criteria. 

[0036] There are two loops the main loop or voltage 
loop and the internal or current loop. The current is 
measured on the output from the converter 4 in the 
internal current loop and fed back to the input of the cur- 
rent regulator 2 which controls a pulse width modulator 
(PWM) 3 delivering the control pulses to the transistors 
of the converter 4. 

[0037] The voltage at the output which is to be kept 
constant is also measured and fed back to be compared 
to a set value U cm and the difference is fed to a voltage 
regulator 1. 

[0038] In figure 7 the dynamic behaviour of the 
closed loop operation of the voltage control is shown. In 
that case, the design of the parameters of the current 
controller is based on the non-linear model of figure 5. 
The closed-loop behaviour of the minor current loop is 
modelled with an equivalent time constant. 



[0039] Figure 8 shows one embodiment of the 
energy storage system according to the invention. 
[0040] The output voltage of the combined storage 
device is possible to control by each current source, i.e. 

5 by the converter-interface of the battery or by the con- 
verter-interface of the supercapacitor. The control of the 
output voltage, U out , could like in this case be done by 
only one superposed voltage controller, which is con- 
nected to one only of the two current sources at the 

w same time. This demands the use of a switching device, 
controlled by current-level detection devices. A possible 
control scheme is given at figure 8. 
[0041] A voltage controller 5 has an integrated 
switching device 5' at the output controlled by the load 

15 current measured in the point 10. This switch is by 
means of its position deciding which source, battery or 
capacitor, is going to deliver energy or current to the 
output capacitor. 

[0042] In each of the following current loops a cur- 
20 rent regulator 6 is arranged followed by a pulse width 
modulator 7 (PWM) delivering the control signals to the 
converter 8 and 8'. 

[0043] The source currents from the two sources, 
the battery and the supercapacitor, are measured at the 
25 outputs 11,12 from the respective converter 8, 8' and 
are fed back to the input of the respective current regu- 
lator 6, 6\ 

[0044] The output voltage over the capacitor C is 
measured by the unit 9 and fed back to the input of the 

30 voltage regulator 5. 

[0045] In one of the embodiments of the invention 
the battery current has a lower and an upper limit. A 
simulation of a strongly varying load current is given in 
figure 9. The output voltage is kept constant at 14 volts, 

35 cf. figure 9e, and the current is shared according to the 
lower and upper limits. In figure 9, both the battery and 
the supercapacitor currents are shown. The superca- 
pacitor voltage, illustrates the alternating unloading and 
loading phenomena. 

40 [0046] When the transistors T1 , T2 ...are of a spe- 
cial MOSFET type with very low internal resistance the 
physical components D1 , D2.. ..would not be necessary. 
The internal capacitance and internal diode of the 
respective transistor will take over the function of the 

45 diodes D1 , D2... during the transition period. Current in 
the negative direction is taken over by the transistor 
itself. In order to implement such a solution the voltage 
across the transistor has to be measured in order to set 
the correct trigg-time. By means of this embodiment the 

so losses could be decreased even more. 

Claims 

1. Electrical energy source characterised in that it 

55 comprises at least one battery and at least one 
supercapacitor connected in series and a static 
converter for each of said battery and supercapac- 
itor operated to give constant output voltage. 
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b) Battery current (limited) 
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c) Current in the supcrcap 
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d) Voltage over Ihc supcrcapacilor 
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